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ABSTRACT
Collisions that induce melting and vaporization can have a substantial effect on the thermal and
geochemical evolution of planets. However, the thermodynamics of major minerals are not well known at
the extreme conditions attained during planet formation. We obtained new data at the Sandia Z Machine
and use published thermodynamic data for the major mineral forsterite (Mg2SiO4) to calculate the specific
entropy in the liquid region of the principal Hugoniot. We use our calculated specific entropy of shocked
forsterite, and revised entropies for shocked silica, to determine the critical impact velocities for melting
or vaporization upon decompression from the shocked state to 1 bar and the triple points, which are near
the pressures of the solar nebula. We also demonstrate the importance of the initial temperature on the
criteria for vaporization. Applying these results to N-body simulations of terrestrial planet formation, we
find that up to 20 to 40% of the total system mass is processed through collisions with velocities that
exceed the criteria for incipient vaporization at the triple point. Vaporizing collisions between small bodies
are an important component of terrestrial planet formation.
KEY POINTS:
• We calculate specific entropy on the principal Hugoniot of forsterite (Mg2SiO4) by thermodynamic
integration of experimental data.
• We derive new criteria for shock-induced melting and vaporization.
• Vaporizing collisions between small bodies are an important component of terrestrial planet formation.
PLAIN LANGUAGE SUMMARY:
During planet formation, collisions onto planets and between planetary building blocks, such as asteroids,
can be fast enough to melt or vaporize rock. Melting and vaporization changes the chemical make-up
of planets. However, until recently, the extreme pressures and temperatures reached during planetary
collisions could not be reproduced in laboratory experiments. We were missing key measurements on
major materials that make up Earth’s mantle, such as the mineral forsterite (Mg2SiO4). Here, we used
the Z Machine, a facility at Sandia National Laboratories that can launch projectiles up to 40 km s−1
(almost 90,000 miles per hour), to measure the properties of forsterite at extreme conditions. Based on
these measurements, we calculated that collisions faster than 8.2 km s−1 (about 18,000 miles per hour)
can completely melt and begin to vaporize the rocky portions of planets and their building blocks. We
then analyzed computer simulations of planet formation to determine how much material could have been
melted or vaporized during the growth of our rocky planets. We found that 20 to 40% of all the material
that makes up the inner solar system could have been involved in collisions that melted and vaporized rock.
Keywords: Shock Wave Physics — Thermodynamics — Isentrope — Melting — Vaporization — Impacts
1. INTRODUCTION
Collisions are a key aspect of planet formation (e.g.
Chambers 2010). The outcomes of collisions are diverse
and complex, ranging from growth of planetesimals to the
formation of synestias (Leinhardt and Stewart 2012; Lock
and Stewart 2017). Because collisions deposit energy and
redistribute material, they can significantly affect the ther-
mal and geochemical evolution of growing planets (Stew-
art and Leinhardt 2012; Asphaug 2010; Carter et al. 2015,
2018). The increase in internal energy from a collision is
ejdavies@ucdavis.edu
generated by the shock from the initial impact and sec-
ondary shocks because of the changes in the gravitational
potential well. The impact conditions required to reach the
onset of melting and vaporization depend on the equations
of state (EOS) and ambient conditions of the constituent
materials (Stewart and Ahrens 2005; Kraus et al. 2012,
2015).
Forsterite (Mg2SiO4), the magnesium end-member of
the olivine system, is a major silicate phase among the
first solids in the solar nebula (Lodders 2003), and olivine
((Mg,Fe)2SiO4) is an abundant phase in primitive mete-
orites. Thus, olivine is a major phase in the mantles
ar
X
iv
:2
00
2.
00
99
8v
1 
 [a
str
o-
ph
.E
P]
  3
 Fe
b 2
02
0
2of differentiated planetesimals and planets. Because ter-
restrial olivines are rich in Mg, with compositions near
((Mg0.9Fe0.1)2SiO4), and there is an abundance of data
on forsterite, simulations of planetary collisions often use
forsterite as a proxy for the bulk silicate composition of dif-
ferentiated bodies. While bridgmanite, (Mg,Fe)SiO3, is the
primary silicate phase in the lower mantle of the Earth, the
upper mantle and planetary building blocks are likely to be
dominated by olivines. Hence, the criteria for melting and
vaporization of forsterite form important constraints for the
amount of impact-induced melting and vaporization dur-
ing planet formation. Although an analysis based on single
component systems neglects the complexity of incongru-
ent melting and vaporization in multi-component systems,
at this time, impact-induced phase changes in single com-
ponent systems can be calculated more robustly than in
multi-component systems.
Currently, one of the most widely used equations of state
for forsterite among impact modelers is an extension of the
ANEOS (Analytic Equations of State) model (Thompson
and Lauson 1974; Thompson 1990) to include molecular
vapor species (M-ANEOS), which was developed for silica
in Melosh (2007). ANEOS is a collection of analytic ex-
pressions that describe the Helmholtz free energy across a
wide range of pressures and temperatures. ANEOS requires
approximately 40 input parameters to describe a material,
and there are a few different sets of input parameters for
forsterite in current use for impact modeling (Canup 2012;
Canup et al. 2013; Collins and Melosh 2014; Nakajima and
Stevenson 2014; C´uk and Stewart 2012). These parame-
ter sets were developed before experimental data above 250
GPa was available. Recent measurements of the principal
shock Hugoniot of forsterite (Root et al. 2018) found that
the previous ANEOS models diverge from the data in the
liquid region. Stewart et al. (2019b) have modified ANEOS
to improve the fit in the liquid region and provide a re-
vised set of input parameters for forsterite. Although the
free energy expressions in ANEOS are sometimes poor ap-
proximations of the underlying physics, it has the capability
to generate thermodynamically consistent EOS models over
the extremely wide range of pressures and temperatures that
are vital for numerical simulations of planetary collisions.
Our goal is to describe the thermodynamics of liquid
forsterite. Recently, the principal Hugoniot of forsterite has
been measured at the Z machine at Sandia and the Omega
laser at the U. Rochester up to 950 GPa (Root et al. 2018).
These measurements provide pressure, specific volume, and
temperature (P-V-T) along a single line on the EOS sur-
face. However, to develop a wide-ranging EOS, we need
other thermodynamic information. One of the most impor-
tant variables to predict phase changes is specific entropy
(S). Here, we present an experimentally constrained ther-
modynamic integration to calculate specific entropy on the
principal Hugoniot. The Gru¨neisen parameter is needed to
determine thermodynamic states off the principal Hugoniot.
We present new measurements of the Gru¨neisen parameter
obtained from shallow release experiments on the Sandia Z
machine.
To apply our work to planetary collisions, we use the en-
tropy method to calculate phase changes after shock com-
pression and isentropic decompression (Ahrens and O’Keefe
1972). Figure 1 presents a schematic of the entropy method
and the thermodynamic path of a parcel of shocked ma-
terial. The shock wave increases the pressure, tempera-
ture, and specific entropy to a state on the Hugoniot. The
shocked material will decompress from the Hugoniot to the
pressure of the surrounding medium via a rarefaction wave.
This rarefaction wave propagates at the speed of sound, is
faster than thermal diffusion, and does no work on the ma-
terial. Consequently, decompression via a rarefaction wave
is approximately isentropic, and the isentropic assumption
produces an absolute lower bound to the entropy of the
release state. When there is no shear strength, as in a
liquid, the decompression path is reversible and isentropic.
Thus, the specific entropy of the shocked state corresponds
to the specific entropy of the decompressed state. Some
estimates of shock-induced melting and vaporization have
reported the criteria for phase changes on decompression
into Earth’s atmosphere at 105 Pa (1 bar). However, dur-
ing accretion, the pressure of the protoplanetary nebula is
more appropriate, e.g., 1 to 10 Pa at 1 au (Wood 2000).
These pressures are close to the triple points of silicates,
approximately 2 Pa for silica (Mysen and Kushiro 1988)
and 5.2 Pa for forsterite (Nagahara et al. 1994). When the
final specific entropy falls in a mixed phase region, the lever
rule is used to determine the mass fraction of each phase
of material. The lever rule defines the mass fraction of the
second phase as
X2 =
SB − S1
S2 − S1 , (1)
where SB is the specific entropy of the bulk parcel, S1 is
the specific entropy of the first phase, and S2 is the specific
entropy of the second phase. In the case of a decompres-
sion into a liquid-vapor mixture, the first phase is liquid,
the second phase is vapor, and equation 1 gives the mass
fraction of the parcel that is in the vapor phase.
Previous studies estimated shock-induced melting and va-
porization of various silicates using the entropy method:
(Mg0.88Fe0.12)2SiO4 (Tonks and Melosh 1993), Mg2SiO4
(Pierazzo et al. 1997), and SiO2 (Kraus et al. 2012). In
the case of Tonks and Melosh (1993) and Pierazzo et al.
(1997), melting and vaporization was estimated using an
equation of state model constructed with limited data for
the vapor curve. For silica, Kraus et al. (2012) determined
specific entropy on the principal Hugoniot via thermody-
namic integration and constrained the liquid-vapor phase
boundary from experimental data at 1 bar. Our work ap-
plies the techniques developed in Kraus et al. (2012) to
derive wide-ranging EOS information.
We also investigate the process of impact-induced melting
and vaporization in the context of terrestrial planet accre-
tion. In general, numerical simulations of planet formation
have focused on capturing the mechanical outcomes of col-
lisions while neglecting the details of the thermal effects of
collisions. N-body techniques are used to investigate the
accretion of planets, and many studies assumed that each
collision results in perfect merging (e.g. Chambers 2001;
Quintana et al. 2002; Raymond et al. 2009; Izidoro et al.
2016). However, collisional outcomes during planet accre-
tion are diverse and include graze-and-merge, hit-and-run,
erosion and catastrophic disruption (Leinhardt and Stewart
2012; Leinhardt et al. 2015; Genda et al. 2011). Recently,
studies have modeled planet accretion in simulations that
take into account imperfect merging and collisional frag-
mentation (Chambers 2013; Quintana et al. 2016). To ob-
tain more information about collisional ejecta, collisional
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Figure 1. Schematic of a generalized single component phase diagram in T -P and S-P space. The solid, liquid (L), and vapor phase boundaries
(black lines) are shown, along with the critical point (black point), triple point (purple points), and 1 bar pressure (green points). The blue
curve is the Hugoniot, the locus of possible states reached by single shocks into material in a given initial state at 1 bar pressure and a particular
temperature. The green lines show decompression along isentropes from specific shock states (blue points). (Left) In temperature-pressure space,
when the decompression isentropes intercept the liquid-vapor phase boundary, the bulk material is a mixture of liquid and vapor, however it is
difficult to determine the mass fraction of each phase. (Right) In S-P space, the liquid-vapor phase boundary is represented by a dome that shows
the specific entropy difference between liquid and vapor in the mixed phase region. The triple point pressure of silicates is similar to the fiducial
pressure of the solar nebula at 1 au, about 10−4 bar.
fragmentation and re-accretion of escaped material was in-
vestigated in recent N-body simulations of planet forma-
tion where the outcomes of collisions between bodies were
tracked during dynamically excited planet formation such as
in the Grand Tack model (Carter et al. 2015). The Grand
Tack is a model of Jupiter’s evolution that was developed
to explain the low mass of Mars. In this model, Jupiter mi-
grates inwards and then back outwards to near its current
orbit, dynamically scattering mass out of the Mars and as-
teroid belt region (Walsh et al. 2011). In these dynamically
excited simulations, the majority of collisions during and im-
mediately after the tack disrupt the projectile or erode the
target. Even in calmer planet formation scenarios without
giant planet migration, a significant fraction of collisions are
erosive (Carter et al. 2015). Here, we examine the velocities
of these collisions to determine how many reach the criteria
for impact-induced melting and vaporization.
The total mass of material that is ejected during impacts
and subsequently re-accreted can be a significant fraction
of the mass of the final bodies (Bonsor et al. 2015). The
effects of subsequent re-accretion of ejecta on planets has
been studied: Carter et al. (2015) examined the bulk com-
positional effects on mantles and cores of growing planets,
and Carter et al. (2018) investigated crustal erosion, but
neither scrutinized the thermodynamic path of the ejected
material. We know that impacts are capable of melting and
vaporizing silicates, but we do not know the scale or con-
ditions in which these phase changes occur during planet
formation, nor the potential of changing the dynamics of
impact ejecta. If a significant fraction of planetary mass
is processed as melted and vaporized ejecta, re-accretion
of this thermally-processed material may have a cumulative
effect on the chemistry of the final planets.
In this work, we use the experimentally constrained
forsterite principal Hugoniot from Root et al. (2018) and
new measurements of the Gru¨neisen parameter to calculate
specific entropy on the forsterite principal Hugoniot. We
use specific entropy on the forsterite and silica Hugoniots
to predict melt and vapor production induced by impacts.
We then apply these predictions to N-body planet forma-
tion models to investigate the occurrence of impact-induced
melting and vaporization during planet formation.
2. ABSOLUTE ENTROPY ON THE FORSTERITE HUGONIOT
The principal Hugoniot for forsterite, shown in Figure 2,
was measured up to 950 GPa on two platforms: Sandia
National Laboratory’s Z Machine and the OMEGA Laser
at the University of Rochester (Root et al. 2018). The Z
Machine and the OMEGA laser can reproduce most impact
energies that are achieved during accretion.
The Z Machine is a pulsed power source that is capable
of delivering 20 MA of current to the target assemblage
over pulses of a few 100 ns (Spielman et al. 1996; Matzen
1997; Savage et al. 2007). The current pulse is tailored
to accelerate flyer plates while the impact side of the plate
remains at a constant density, generating a planar shock
wave upon impact with the target (Lemke et al. 2003, 2005,
2011). The OMEGA laser facility generates decaying shock
waves in the mineral sample by laser-ablation of a driver
material. By carefully tuning the laser pulse shape (Boehly
et al. 1994), thermal emission over a large, continuous range
of shock pressures can be measured in a single experiment.
These experiments measured shock velocity and thermal
emission using a line VISAR (Celliers et al. 2004) and a
streaked optical pyrometer (Miller et al. 2007). For more
details of these experiments, refer to Root et al. (2018).
The principal Hugoniot data and fitted Hugoniot for
forsterite are shown in Figure 2. There is excellent agree-
ment between the two experimental platforms and den-
sity functional theory based quantum molecular dynam-
ics (QMD) calculations that were also presented in Root
et al. (2018). Two corrected Z temperature measure-
ments are described in Section B. From these measure-
ments, phase changes can be calculated upon isentropic
release of shocked material to the reference pressure using
the entropy method, as described in section 1. However,
specific entropy cannot be measured directly and must be
calculated from the thermodynamics of the system. Tables
1, 2, and 3 define the symbols, parameters, and Hugoniot
equations used in this work, respectively.
To tie the known specific entropy of forsterite at standard
temperature and pressure (STP) (Robie et al. 1982) to the
measured principal shock Hugoniot, we calculated a ther-
modynamic integral using available thermodynamic data.
4Symbol Description Units
us Shock Velocity km/s
up Particle Velocity km/s
T Temperature K
P Pressure Pa
S Specific Entropy J/K/kg
E Specific Internal Energy J/kg
Cx Specific Heat Capacity at constant x J/K/kg
ρ Density kg/m3
V Specific Volume m3/kg
f Eulerian Strain —
γ Gru¨neisen Parameter —
Vi Impact Velocity km/s
Table 1
Summary of variables used in this work. Specific heat capacity is typically measured at constant V or constant P.
Parameter Description Value Units Reference
ρ0 Initial Liquid Density (1 bar and 3000 K) 2597(±11) kg/m3 Thomas and Asimow (2013)
γ0 Gru¨neisen Parameter at ρ0 0.396 — Thomas and Asimow (2013)
ma Molar Mass 140.6931 mol/g —
Tm Melting Temperature 2174 K Richet et al. (1993)
Tref Isentrope Foot Temperature 3000 K —
CV Liquid Isochoric Heat Capacity 1737.36 J/K/kg Thomas and Asimow (2013)
CP Liquid Iosbaric Heat Capacity 1926.18 J/K/kg Thomas and Asimow (2013)
γ∞ Infinite Compression Limit of the γ 2/3 —
Table 2
Thermodynamic parameters for Mg2SiO4 used in the derivation of specific entropy on the principal Hugoniot. Where uncertainties are not
reported in the primary reference, we describe assumed uncertainties in text.
Material Hugoniot Equations Reference
Forsterite us (up) = 4.632 + 1.455up + (4.291E−03)u2p − (7.844E−04)u3p Refit from Root et al. (2018)
T (us ) = −183.188us + 15.605u2s + 2.785u3s Root et al. (2018)
S(P) = −28691P−0.5 + 152.8P0.5 − 0.0208P1.5 + 3680 This Work
γ(ρ) = γ∞ + (0.377 − γ∞)
(
ρ0
ρ
)3.705
+ 0.657e−(ρ−4930)
2/11922 This Work
α-quartz us (up) = 1.754 + 1.862up − (3.364E−02)u2p + (5.666E−04)u3p Knudson and Desjarlais (2013)
S(P) = 2820(±106)P−0.5 + 468.3(±1.8)P0.5 − 6.68(±.037)P − 593(±25.2) Refit from Kraus et al. (2012)
Fused Silica us (up) = 1.386 + 1.647up − (1.146E−02)u2p − (0.6952E−04)u3p Root et al. (2019)
TPX us (up) = 1.795(±.018) + 1.357(±.003)up − 0.694(±.027)upe−0.273(±.011)up Root et al. (2015)
All ρ
ρ0
= us
us−up Conservation of mass
P = ρ0usup Conservation of momentum
E − E0 = 12 (P + P0)
(
1
ρ0
− 1
ρ
)
Conservation of energy
Table 3
Equations for the principal Hugoniots of different materials used in this work. Errors on the parameters for equations S(P) for α-quartz, and
us (up) for TPX are given. Uncertainty for γ(ρ) of forsterite is 32%. Uncertainty for the others have covariance matrices included in the
supplemental materials in Table S1. The forsterite principal Hugoniot equations have a range of validity from 200 to 950 GPa, and the γ
function has a range from 2597 to 6500 kg/m3. The initial specific entropy is 669 J/K/kg, the initial temperature is 298.15 K, and the initial
density (ρ0) is 3220 kg/m3. The quartz principal Hugoniot us (up) equations have a range of validity 40 to 800 GPa, while the S(P) equation
has a validity between 110 to 800 GPa. The initial specific entropy is 660 J/K/kg, the initial temperature is 298.15 K, and the initial density is
2651 kg/m3. Fused Silica principal Hugoniot equations have a range of validity 200 to 1600 GPa and the initial density is 2200 kg/m3. TPX
principal Hugoniot equations have a range of validity up to 985 GPa and an initial density of 833 kg/m3. The material-specific us (up) equations
can be transformed to pressure, specific volume and specific internal energy via the Rankine-Hugoniot conservation equations.
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Figure 2. The principal shock Hugoniot of forsterite in pressure-
temperature space. Red points are QMD calculations, Z Machine data
are in black, and the green bands are from decaying shock experiments
on the OMEGA laser. The blue line is a fit through the data, with the
blue band representing the 1σ error envelope. QMD, Z, and Omega
data are from Root et al. (2018). Z temperature measurements at
about 500 and 560 GPa have been revised and are discussed in Sec-
tion B. The cyan (ANEOS-C (Canup et al. 2013)), green (ANEOS-I
(Collins and Melosh 2014)), and orange (ANEOS-G (Nakajima and
Stevenson 2014; C´uk and Stewart 2012)) lines are different forsterite
input parameter sets for the ANEOS model (Melosh 2007). They all
over predict the temperature over the entire measured range. The
black line presents a revised ANEOS model formulation and forsterite
parameter set developed using the newly available data (Stewart et al.
2019b).
Because state variables are independent of the thermody-
namic path, the specific entropy on the principal Hugo-
niot can be calculated using any thermodynamic path. A
schematic of the chosen thermodynamic path is shown in
Figure 3. The path to the principal Hugoniot is separated
into 4 steps, bounded by points labeled A through E. Point
A is the ambient condition at STP; point B is the state af-
ter isobaric heating to the melting point of forsterite; point
C accounts for the specific entropy of melting; point D is
the state after isochoric heating to the foot of an isentrope;
and point E is where this isentrope intersects the principal
Hugoniot. Our selected path from point C to point D is
in the liquid region and does not intersect the melt curve.
While published thermodynamic data for forsterite exists
and isentropes in the melt have been calculated (de Koker
et al. 2008; Thomas and Asimow 2013; Asimow 2018),
these isentropes are not experimentally constrained above
200 GPa. To be able to calculate isentropes at higher pres-
sures and densities in the liquid region, we performed shal-
low release experiments concurrently with the shock Hugo-
niot measurements described above.
2.1. Shallow Release Experiments to Determine the
Gru¨neisen parameter
The Gru¨neisen parameter, γ, is a thermodynamic param-
eter needed to calculate thermodynamic states off of the
principal Hugoniot. The so-called Mie-Gru¨neisen approxi-
mation assumes that γ only depends on volume such that,
γ = V
(
dPth
dEth
)
V
, (2)
A
B, C
D
E
Liquid
Fo
Wd
Sp
Pe+Bg Pe+pPv
Figure 3. Simplified phase diagram of Mg2SiO4 and schematic ther-
modynamic path used to calculate specific entropy on the principal
Hugoniot. Solid phases are forsterite (Fo), wadsleyite (Wd), spinel
(Sp), and periclase (Pe) plus bridgmanite (Bg), from Presnall and
Walter (1993). The postperovskite (pPv) plus periclase field is
taken from Belonoshko et al. (2005). The melt curve (with dashed
extrapolation) is an estimate from Mosenfelder et al. (2009). The
black line shows the thermodynamic path chosen to integrate for spe-
cific entropy, with labels indicating points A through E. The isentrope
from point D to E was chosen because it is likely to be completely in
the melt region of the Mg2SiO4 system.
where the dPth and dEth are the thermal pressure and ther-
mal specific internal energy. Furthermore, the thermody-
namic relation,
γ = −
(
d ln T
d ln V
)
S
, (3)
provides temperature along an isentrope. Thus γ is the crit-
ical parameter that describes the intersection of the isen-
trope with the principal Hugoniot (points D to E in Figure
3).
In most solids, during compression, γ decreases with de-
creasing specific volume such that the following empirical
relation is often used,
γ = γ0
(
V
V0
)q
, (4)
where q ∼ 1 for many materials (Asimow 2018). At high
compression, γ must approach a limiting value, which is of-
ten taken to be either 2/3, for a free electron gas, or 1/2, for
the Thomas-Fermi limit (see discussion in Burakovsky and
Preston 2004). At STP, γ0 = 1.29(±1) for solid forsterite
(Gillet et al. 1991).
In contrast to solids, the γ for liquid silicates are known
to increase with compression (de Koker et al. 2008; Thomas
and Asimow 2013; Asimow 2018). The γ for initially
2273 K liquid forsterite has been inferred from shock ex-
periments up to 114.3 GPa, with γ = 0.396 at ambient
density and increasing to 1.3 at a density of 4.68 g/cm3
(Thomas and Asimow 2013). There is currently no data for
the γ of liquid forsterite at higher compression. The value
must decrease at the high-compression limit, so functional
forms fit to lower pressures cannot be extrapolated. Here,
we determine the Gru¨neisen parameter for liquid forsterite
at high compression using shallow release experiments that
constrain isentropic paths in P − ρ space.
6Shallow release experiments measure the P − ρ change
of release isentropes upon decompression from the shocked
state. These experiments are performed by backing the
forsterite sample with a transparent and lower-impedance
material. The shock wave compresses the sample and tran-
sitions into the backing window that has a known Hugoniot.
At the interface, the shock releases by isentropic decompres-
sion to the impedance of the window and a lower-pressure
shock wave propagates forward into the window and a rar-
efaction wave partially decompresses the sample. At the
material interface, the Rankine-Hugoniot conservation con-
ditions are satisfied so P and up are identical in both mate-
rials. P and up are calculated from the measured us using
known shock Hugoniots. The only measurement needed to
determine the shocked state in the window, and therefore
the partial release state in the forsterite sample, is us . For
these experiments, three window materials were used, α-
quartz, fused silica, and polymethylpentene, another com-
monly used standard window referred to as TPX, that have
known principal shock Hugoniots (Knudson and Desjarlais
2013; Root et al. 2019, 2015). The experimental configura-
tion was otherwise similar to Root et al. (2018) to generate
planar shock experiments at Z. The measured shock states
in forsterite and the partial release states at the windows
are given in Table 4.
The change in volume during isentropic decompression is
given by the Riemann integral,
Vr = VH +
∫ upH
upr
(
dup
dP
)
S
dup, (5)
where subscript r is the released state, subscript H is the
shock Hugoniot state, and subscript S denotes constant
specific entropy (Rice et al. 1958). This integral is valid
only for isentropic processes. Equation 5 requires a fitted
curve between the shock and release states to evaluate the
integral. For this work, we found that the function P =
Au−2p + B, where A and B are fitting parameters, could
fit the release path data and be simple to evaluate in the
integral above. Experiments with identical shock states are
grouped and fit together to measure multiple points on the
same isentrope. An example of such a fit and calculated
volumes are shown in Figure 4.
To obtain γ, we calculate an isentrope that connects the
shocked state to the released state by a Mie-Gru¨neisen re-
lease isentrope. The isentrope requires a reference curve
with known P-V -E and we reference the forsterite princi-
pal Hugoniot in a stepwise fashion as in McQueen et al.
(1970). Because the density of the release states in TPX
are below the range of validity of the reference curve, they
are not considered to calculate γ. Pressure on the isentrope
for each step is calculated via finite difference,
Pi =
PH −
(
EH − Ei−1 + Pi−1 ∆V2
) (γ(ρ)
V
)
i
1 + ∆V2
(
γ(ρ)
V
)
i
, (6)
where the specific internal energy is
Ei = Ei−1 − Pi + Pi−1
2
∆V . (7)
The subscript i is the current element on the isentrope, in-
dexed with density, subscript H is the reference Hugoniot
state at the same density, and γ(ρ) is some function of the
Gru¨neisen parameter dependent only on density. We exam-
ine several different formulations for γ to solve equation 6:
linear, exponential, and Gaussian, which are described in
detail in Section C. Because the range of densities between
the shock and release states is limited to 5500-7500 kg/m3,
the formulations are intentionally simple. All formulations
include a single fitting parameter, q, which is iterated until
the pressure and density on the isentrope match the shock
and release states.
We found that the formulation with the smallest residuals
to calculate the isentropic release paths, shown in Figure 4,
was the Gaussian formulation (Section C). The calculated
values of γ are shown in Figure 5. The whole data set is
given in Table 4.
Our γ values were combined with the lower-density data
from Thomas and Asimow (2013). We find that the val-
ues for γ decrease with increasing density over our mea-
sured range. The values at the highest densities are consis-
tent with theoretical limits (Burakovsky and Preston 2004).
None of the standard formulations for γ(ρ) fit the entire liq-
uid density range. To fit both sets of data, a fit of the form
γ(ρ) = γ∞+ (A−γ∞)
(
ρ0
ρ
)B
+ Ce−(ρ−D)
2/E 2 is used. Our
fit is only valid between the densities of 2597-6500 kg/m3
where data exist. This form is a combination of previously
used exponential forms (Thomas and Asimow 2013) for low
densities and the Al‘tshuler form for high density limits of
γ. All parameters are fit except ρ0, which is the initial liq-
uid density and the infinite compression limit, γ∞, which
we take as 2/3. A more robust discussion on the mechanics
of γ is beyond the scope of this study. The fit is given in
Table 3 with 1-sigma uncertainty estimated at 32%. The
data and fit are shown in Figure 5.
2.2. Entropy on the Principal Hugoniot
We calculated specific entropy change from STP to the
principal Hugoniot along the path (A-E) in Figure 3. The
total specific entropy is given by
STotal = SSTP+∆SSolid−Heating+∆SMelting+∆SLiquid−Heating.
(8)
Starting from the specific entropy at STP (SSTP = 669(1)
J/K/kg, Table 5), we calculated the increase in S due to
heating forsterite isobarically to the melting point at 1 bar
(point A to B). For heating at constant pressure, the change
in specific entropy is given by;
∆SSolid−Heating =
∫ TMelting
298.15
CP (T )
T
dT , (9)
where T (K) is the temperature and CP (T ) (J/mol/K) is
taken from Gillet et al. (1991),
CP (T ) = −402.753 + 74.29 ln(T ) + 87.588E3
T
− 25.913E6
T 2
+
25.374E8
T 3
.
(10)
The total change in specific entropy from the isobaric heat-
ing to 2174 K is ∆SSolid−Heating = 2339(±195) J/K/kg.
The specific entropy associated with melting (point B to
C) is taken from Richet et al. (1993), where ∆SMelting =
464(±4.3) J/K/kg. From the melting point, we calculate
7up
Figure 4. Results from shallow release experiments at the Z machine. (Top) Example fitted release isentropes with uncertainty envelopes (red)
shown between the principal Hugoniots of forsterite (Fo), quartz (Qtz), TPX, and fused silica (FS) in pressure-particle velocity space. We derive
the densities where the isentropes intersect the partial release states. Residuals of states from the P-up fit are incorporated into the uncertainty
of the calculated density. (Bottom) All shallow release states used to calculate the Gru¨neisen parameter for liquid forsterite and calculated release
isentropes (red).
8Shot # Win. Vi Sam. us Win. us ρs ρr γ
(km/s) (km/s) (km/s) (kg/m3) (kg/m3)
Z2792 N7 Qtz 14.82(±.12) 14.75(±.24) 14.15(±.08) 6132(±82) 5882(±276) 1.03(±.28)
Z2792 S7 Qtz 14.72(±.07) 14.8(±.19) 14.10(±.06) 6141(±78) 5917(±245) 1.01(±.28)
Z2868 N7 Qtz 15.83(±.07) 15.46(±.14) 14.9(±.06) 6264(±76) 6015(±118) 0.95(±.28)
Z2868 S7 Qtz 15.67(±.06) 15.41(±.15) 14.81(±.05) 6255(±76) 6020(±128) 0.95(±.28)
Z2879 N7 Qtz 12.95(±.04) 13.50(±.13) 12.83(±.04) 5887(±69) 5680(±107) 1.02(±.28)
Z2879 S7 Qtz 13.82(±.08) 14.11(±.16) 13.46(±.06) 6008(±74) 5819(±91) 0.95(±.27)
Z3033 N3 FS 18.89(±.09) 17.50(±.24) 16.94(±.06) 6636(±89) 6208(±122) 0.81(±.25)
Z3033 N5 TPX 18.84(±.08) 17.49(±.19) 19.17(±.05) 6634(±85) 5119(±121) —
Z3033 S3 FS 20.32(±.06) 18.34(±.18) 17.81(±.04) 6787(±88) 6362(±105) 0.74(±.23)
Z3033 S5 TPX 20.37(±.11) 18.44(±.24) 20.32(±.04) 6806(±94) 5190(±133) —
Z3044 N3 TPX 21.79(±.07) 19.34(±.18) 21.94(±.05) 6971(±94) 5053(±163) —
Z3044 N5 FS 21.75(±.06) 19.34(±.20) 19.13(±.04) 6971(±95) 6432(±132) 0.88(±.26)
Z3044 S3 TPX 23.2(±.08) 20.11(±.10) 23.07(±.05) 7115(±94) 4105(±115) —
Z3044 S5 FS 23.2(±.05) 20.13(±.10) 20.09(±.04) 7118(±94) 6541(±145) 0.90(±.26)
Z3101 N1 TPX 12.74(±.08) 13.42(±.11) 14.09(±.05) 5871(±67) 4643(±151) —
Z3101 S1 TPX 13.83(±.11) 14.27(±.12) 14.89(±.06) 6039(±70) 4819(±132) —
Z3172 N7 TPX 17.9(±.10) 16.88(±.15) 18.30(±.06) 6523(±80) 5068(±122) —
Z3172 S1 TPX 19.16(±.06) 17.57(±.16) 18.83(±.07) 6647(±83) 5268(±194) —
Z3201 S1 TPX 23.14(±.05) 20.10(±.19) 23.02(±.09) 7112(±99) 5119(±142) —
Table 4
Compiled results of experiments, measurements and calculations for partial release of forsterite at the Z-Machine. All experiments are a
forsterite sample backed by a window to tamper the release. Shock velocities in the forsterite samples are corrected from and in the same
manner as Root et al. (2018), based on acceleration of the shock front at the sample-window interface. Densities at the interface before
decompression are recalculated based on the corrected shock velocity. γ’s are given at the density of the release state of forsterite.
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Figure 5. Experimentally derived values and our fit to the Gru¨neisen
parameter for liquid forsterite.
the specific entropy of isochorically heating liquid forsterite
to a reference isentrope at 3000 K (point C to D). This is a
similar integral as before, where the only difference is that
volume is held constant instead of pressure,
∆SLiquid−Heating =
∫ T
TMelting
CV
T
dT . (11)
The heat capacity at constant volume is taken from Thomas
and Asimow (2013), giving ∆SLiquid−Heating = 559(±80)
J/K/kg.
Table 5 summarizes the specific entropy at each step, and
the total at the base of the isentrope. Now that we have
specific entropy at the foot of the isentrope, we calculate
the intersection with the principal Hugoniot (point D to E)
in temperature and density.
The Gru¨neisen parameter along an isentrope is given in
Eq. 3. Approximating infinitesimal steps along the isen-
trope and substituting specific volume with density, the
temperature on the isentrope is given stepwise by
Ti = exp (γ(ρi )[ln ρi − ln ρi−1] + ln Ti−1) , (12)
where γ is defined in Table 3. The liquid forsterite is com-
pressed along this isentrope until it intersects the principal
shock Hugoniot, giving the specific entropy at one pressure-
temperature-density point on the Hugoniot. The intersec-
tion and calculated path are shown in Figure 6. The ther-
modynamic values of the intersection and each step of the
thermodynamic integral are summarized in Table 5.
Once specific entropy is known at one point on the princi-
pal Hugoniot, the specific entropy along the principal Hugo-
niot can be found via the first and second laws of thermo-
dynamics,
dS =
dE
T
+
PdV
T
(13)
where dS is the differential specific entropy and dV is the
differential specific volume. dE , the differential specific
internal energy is known by the Rankine-Hugoniot condi-
tions, and temperature on the principal Hugoniot is known
between 200 and 950 GPa (Root et al. 2018). We fit a
D
Figure 6. In density and temperature space, the principal Hugoniot of
forsterite (blue line) and the calculated isentrope (black line) used for
relating a known specific entropy at STP to a point along the Hugo-
niot. The intersection between the principal Hugoniot and isentrope is
shown by the red point. Uncertainty on the intersection is dominated
by uncertainty of the Gru¨neisen parameter. Point D is the foot of the
defined isentrope as in Table 5.
polynomial to our derived values for specific entropy on the
principal Hugoniot, which is presented in Figure 7 and Ta-
ble 3.
Uncertainty is propagated through all calculations using
a Monte-Carlo uncertainty analysis technique. All variables
with a measured uncertainty are randomly perturbed ac-
cording to a normal distribution about their 1-sigma un-
certainty. The calculations are repeated with such random
perturbations until the resulting data cloud converges to a
Gaussian, typically 10 000 steps. The mean of the Gaussian
is taken as the fitted value, and the standard deviation to
be the one sigma uncertainty. For this work, the forsterite
principal Hugoniot was refit using a cubic polynomial for
the purposes of facilitating Monte-Carlo uncertainty analy-
sis. We refit using data from (Root et al. 2018) and avail-
able gas gun data above up > 4 km/s (Mosenfelder et al.
2007; Lyzenga and Ahrens 1980; Jackson and Ahrens 1979;
Watt and Ahrens 1983). The largest source of uncertainty
in this work is the uncertainty on the Gru¨neisen parameter,
and future work should focus on decreasing the uncertainty
between 4000 and 5000 kg/m3.
2.3. Comparison to Hydrocode Models for Forsterite
Our new thermodynamic data on the liquid region of the
forsterite EOS provide new constraints for development of
revised EOS models. Our newly calculated principal Hugo-
niot is compared to different model Hugoniots in Figure 7.
Here, we refer to three different versions of the ANEOS
model for forsterite as ANEOS-C (Canup et al. 2013),
ANEOS-I (Collins and Melosh 2014), and ANEOS-G (C´uk
and Stewart 2012; Nakajima and Stevenson 2014). These
model parameter sets were developed before the availabil-
ity of the high pressure data used in this work. All previ-
ous ANEOS models consistently over predict temperature in
shocks above 200 GPa, with greater divergence in specific
entropy at higher pressures. Root et al. (2018) showed that
the model principal Hugoniot from ANEOS-G falls within
the experimental uncertainties in pressure-density space.
Further comparisons are made between the new high pres-
10
Point Description P (GPa) ρ (kg/m3) T (K) S (J/K/kg) ∆S Entropy Reference
A STP 10−4 3220(±9.7) 298.15 669(±1) — Robie et al. (1982);
Robie and Hemingway (1995)
B Isobaric heating 10−4 2995(±10)* 2174(±100) 3008(±195) 2339(±195) Equation 9
C Melting 10−4 2597(11) 2174(100) 3474(±195) 464(±4.3) Richet et al. (1993)
D Isochoric heating 2.3(±.4) 2597(±11) 3000 4033(±211) 559(±80) Equation 11
E Isentropic compression 231(±54) 5737(±249) 6013(±1803) 4033(±211) —
Table 5
Pressure, density, temperature, and specific entropy values for each step of the thermodynamic integral from STP (A), isobaric heating to the
melting point (B), melting (C), isochoric heating to 3000 K (D), to an intersection point on the principal Hugoniot (E). *density prior to
melting is from Bouhifd et al. (1996).
sure data and ANEOS models in Stewart et al. (2019b).
From the Rankine-Hugoniot conservation equations, the
change in specific internal energy between shock states is
only dependent on changes in density and pressure. Given
the first law of thermodynamics, if the change in temper-
ature is over predicted then the change in entropy is off
as well. The new ANEOS model improves the fit in the
liquid region of the Hugoniot because of the implementa-
tion of adjustable limit to the specific heat capacity. The
new model parameters were focused on fitting the liquid
and vapor regions of the phase diagram, see (Stewart et al.
2019b).
3. SHOCK-INDUCED PHASE CHANGES
Using our new calculations of specific entropy of shocked
forsterite, we revisit the question of the onset of melting
and vaporization during planetary collisions. The criteria
for the onset of a phase change depends on the ambient
pressure and initial conditions. For applications to planetary
collisions, we use two ambient reference pressures: 1 bar
and the triple point. Example isentropic release paths that
decompress to these pressures are shown in Figure 1.
Kraus et al. (2012) calculated the specific entropy on
the silica principal Hugoniot. Here, we have extended the
entropies to lower pressures and revised the fit (See Sec-
tion A). We present revised criteria for shock-induced phase
changes of silica, a less refractory phase, for comparison to
our new forsterite results.
3.1. Reference States and Initial Conditions
To use the entropy method, we require the specific en-
tropies of phase boundaries at the ambient reference pres-
sures: 1 bar and the triple points for forsterite (5.2 Pa,
Nagahara et al. (1994)) and α-quartz (2 Pa, Mysen and
Kushiro (1988)).
For forsterite, the specific entropy of complete melting
at 1 bar is taken from our integration, point C in Table
5, and we assume that the specific entropy of complete
melting at the triple point is within uncertainty of the 1
bar value. There is no experimental data for the boiling
point of forsterite at 1 bar. Here, we estimate the 1-bar
boiling temperature as 3300±300 K. This is based on evap-
oration experiments (Nagahara et al. 1994) extrapolated
to 1 bar, 3265 ± 473 K, the new ANEOS boiling point,
3375 K (Stewart et al. 2019b), and that forsterite’s boiling
point must be higher than that of silica, 3127 K (Chase
et al. 1998). We calculate the specific entropy of incipi-
ent vaporization at 1 bar by thermodynamic integral simi-
lar to Eq. 9, using a constant isobaric heat capacity from
Thomas and Asimow (2013), from the melting temperature
to the boiling point. The specific entropy at incipient va-
porization at the triple point is simply the specific entropy
at complete melting. Specific entropies at 50% vaporiza-
tion are not experimentally constrained and vary greatly
amongst the model calculations. For this work, we use the
model vapor curve from Stewart et al. (2019b), labelled
new ANEOS in Figure 7. While this work experimentally
constrains the specific entropy of the principal forsterite
Hugoniot, the pressure-volume-temperature states at higher
pressures on the liquid-vapor dome still need experimental
validation. For α-quartz, we use the entropies for the phase
boundaries given in Kraus et al. (2012). The specific en-
tropy of complete melting at the triple point and one bar
are assumed to be identical. Table 6 presents all of the
specific entropies of all of the phase changes considered in
this work.
The interiors of differentiated bodies in the early solar
system are generally warmer than room temperature. To
illustrate the effects of the initial temperature on the criteria
for shock-induced phase changes, we calculate two different
initial temperatures for forsterite. The first initial condition
in both materials is STP. For warmer initial conditions, we
chose an initial temperature of 1200 K for forsterite. For
this warmer initial condition, we use the new ANEOS model
(Stewart et al. 2019b). 1200 K was chosen for forsterite to
be near the low-pressure solidus temperature of terrestrial
mantle composition. Uncertainties are only calculated for
forsterite and α-quartz with initial conditions at STP and
we have not propagated uncertainties for the warm initial
condition of forsterite.
3.2. Criteria for Phase Changes
Table 6 presents the critical pressures, impact velocities,
and entropies to reach melting and vaporization upon re-
lease to 1 bar and the triple point reference pressures for
forsterite and silica. We calculate the corresponding im-
pact velocities by assuming that the projectile and target
are both the same material and using impedance matching.
The difference between forsterite, one of the most refractory
silicate phases, and α-quartz, a comparatively less refrac-
tory phase, are clearly seen by the large differences in the
shock pressures and impact velocities required to initiate
melting and vaporization.
Because of the topology of the vapor curve in pressure-
entropy space (Fig. 1), the onset of vaporization occurs
at a lower specific entropy when decompressing to a lower
pressure. Depending on the curvature of the liquid-vapor
dome, lowering the ambient pressure can dramatically lower
the specific entropy at incipient vaporization. In the cases
of forsterite and silica, releasing to the triple point instead
of 1 bar reduces the incipient vaporization impact velocity
by approximately 2 km/s. Overall, impact-induced phase
changes require lower pressures for the onset of melting
and vaporization for collisions within the pressure of the
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Figure 7. The principal Hugoniot is shown in blue with its associated error envelope in specific entropy space. Other solid lines are the predicted
Hugoniot and liquid-vapor dome from the various ANEOS parameterizations. The red point is the calculated intersection between the isentrope
and Hugoniot. The dashed black lines represent a schematic of the melt curve. (Top) Temperature against specific entropy and (Bottom) Pressure
against specific entropy of the principal Hugoniot and the ANEOS models. The divergence between the previously predicted and the measured
Hugoniots should not be ignored, however, the models do lie within the extremes of the uncertainty. The new ANEOS model Hugoniot reproduces
the forsterite principal Hugoniot better than the previous models.
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solar nebula, which is near the triple points of silicates,
compared to a 1 bar reference pressure.
At larger entropies, the effect of the final pressure on the
final vapor fraction can reverse because of the asymmetric
topology of the vapor dome. The impact criteria for 50%
vaporization increases at the triple point pressure compared
to 1 bar, approximately 4 km/s for forsterite, and 3 km/s for
silica. We note that the shock pressures required for 50%
vaporization of forsterite upon release to the triple point fall
beyond the range of validity of our Hugoniot entropy calcu-
lation. The entropies are extrapolated for shock pressures
beyond 1 TPa.
The initial temperature is an important factor. For the
warmer initial conditions, forsterite melts and vaporizes at
much lower shock pressures upon release compared to an
initial temperature of 298 K. Warm forsterite (1200 K) can
reduce the impact velocity required to begin vaporizing by
about 1.5 km/s. It is vital not to neglect the thermal state
of impacting materials especially when considering problems
in the early solar system.
4. IMPLICATIONS FOR PLANET FORMATION
Melting and vaporization can have significant effects on
the thermal and chemical evolution of planetesimals and
planetary bodies. However, the degree to which silicates are
melted and vaporized during planet formation are unknown.
Here, we assess the importance of vaporizing collisions that
occur during the growth of terrestrial planets.
Considering the critical impact conditions in Table 6, cold
silica and warm forsterite begin to vaporize when impact ve-
locities exceed about 6 and 8 km s−1 respectively. These ve-
locities correspond to the escape velocities of approximately
Mars-mass and larger planetary embryos. Thus, essentially
all collisions onto warm, differentiated planetary embryos
are in or approaching the vaporization regime. However,
during terrestrial planet formation, most of the mass that
impacts onto the largest bodies is accreted because of their
deep gravitational potential wells (Leinhardt and Stewart
2012; Asphaug 2010). Giant impacts involving planetary
embryos are extremely high energy events that cause sub-
stantial vaporization. In these giant impacts, the vapor-
ized mantles generate transient silicate vapor atmospheres
(Lock and Stewart 2017; Carter et al. 2020). In giant im-
pacts, variable amounts of vaporizing material escape the
growing body as ejecta. In contrast, on smaller bodies,
the velocities required for vaporization fall in the erosive
or catastrophic disruption regimes (Leinhardt and Stewart
2012; Carter et al. 2019a). Next, we examine a range of
collisions that occur during the growth of the rocky plan-
ets in our solar system, starting with a population of small
planetesimals.
4.1. Vaporizing Collisions during Planet Formation
To investigate the importance of melting and vaporiza-
tion during accretion, N-body planet formation simulations
that track collisional fragmentation and re-accretion (Carter
et al. 2015) were post-processed to extract the impact con-
ditions and outcomes.
Here we consider a high resolution, dynamically excited
N-body simulation based on Carter et al. (2015). This new
simulation is a high resolution version of their simulation
27, which includes migration of Jupiter and aerodynamic
drag from the nebula. The accretion simulation began with
100 000 particles distributed between 0.5 and 3 au, with the
smallest bodies having masses of ∼ 6 × 10−5 M⊕ (cor-
responding to radii of ∼200 km). The mass of collision
fragments smaller than this mass limit were placed into an
‘unresolved debris’ annulus corresponding to the location
of the collision. Resolved planetesimals and embryos reac-
creted this debris as they passed through these annuli, thus
recycling the small ejecta (Leinhardt and Richardson 2005;
Leinhardt et al. 2015; Carter et al. 2015). These simula-
tions used particle radius inflation to reduce the computa-
tion time, so the impact velocities were first corrected for
the additional acceleration associated with infall from the
inflated radius to a radius calculated using an assumed den-
sity of 3 g cm−3 (the radius given above is the uninflated
value). This correction is only significant for low velocity
impacts, and so has a negligible effect on our results.
Using the critical impact velocities calculated above for
triple point release pressures, we selected all of the collisions
in the simulation that exceed the requirements for phase
changes upon release to the triple point pressure. We cal-
culated the mass of unresolved ‘debris’ ejected during colli-
sions that exceeded the critical impact velocities. The mass
ejected in impacts that cause vaporization is shown as a
cumulative sum versus target mass for this example simu-
lation of dynamically excited planet formation in Figure 8.
The steepness of the curves for target bodies between 10−4
to 10−3 M⊕ indicates that most of collisions that exceed
the threshold for melting and vaporization occur between
planetesimals.
Figure 8 shows that the effects of warmer initial conditions
of impacts are dramatic. Collisions between warm, differen-
tiated planetesimals (dashed orange line) substantially in-
creases the amount of mass processed through melting and
vaporization compared to cold planetesimals (purple lines).
However, the parameters for cold (298 K) forsterite provide
a conservative estimate for the mass of material that is pro-
cessed through vaporizing collisions. Less refractory phases,
such as α-quartz, melt and vaporize upon release at much
lower impact velocities. Warm initial conditions only reduce
the required impact velocity further.
The limitations of calculating melting and vaporization in
N-body simulations need to be addressed. Even in the high
resolution N-body simulations used in this work, there is
not enough information to determine the exact fraction of
solid remnant in unresolved or resolved mass. Furthermore,
in the calculation of ejecta, the thermal state is not taken
into account nor is it evolved over time. There is also no
differentiating between mass that has been processed mul-
tiple times from mass being processed for the first time.
Subsequent re-processing of the same mass inflates the to-
tal mass that is summed in Figure 8. Lastly, resolving more
mass and smaller planetesimals would allow for more ac-
curate tracking of processed material as compared to large
bins of unresolved mass. Resolution is currently computa-
tionally limited.
Overall, we expect that up to 20-40% of total inner solar
system mass can be involved in melting and vaporizing col-
lisions during dynamically excited planet formation such as
a Grand Tack scenario. At present, the cumulative effects
of many vaporizing collisions between planetesimals are not
well understood. In a Grand Tack scenario, some of the va-
porizing collisions would occur within the nebular gas and
some after dispersal of the gas. Recent studies found that
the outcomes of vaporizing collisions with and without neb-
ular gas will be different in terms of dispersal of material
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Initial Temp. (K) Release P (Pa) Variables Complete Melt Incipient Vap. 50% Vap.
Experimental forsterite (Mg2SiO4), this work
298 105 P (GPa) 189(±44) 270(±73) 856(±189)
Vi (km/s) 9.8(±1.4) 12.2(±2.0) 24.3(±3.2)
S (kJ/K/kg) 3.474(±.197) 4.270(±.279) 6.635
298 5.2 P 189(±44) 189(±44) 1126
Vi 9.8(±1.4) 9.8(±1.4) 28.6
S 3.474(±.197) 3.474(±.197) 7.616
1200 105 P 142 220 791
Vi 8.2 10.9 23.4
S 3.474(±.197) 4.270(±.279) 6.635
1200 5.2 P 142 142 1397
Vi 8.2 8.2 32.4
S 3.474(±.197) 3.474(±.197) 7.616
Experimental α-quartz (SiO2), revised from Kraus et al. (2012)
298 105 P 57.6(±2.34) 90.9(±1.98) 260(±5.27)
Vi 5.89(±.31) 7.83(±.29) 14.27(±.39)
S 2.950 3.560 5.394
298 2.68 P 57.6(±2.34) 57.6(±2.34) 371(±8.49)
Vi 5.89(±.31) 5.89(±.31) 17.43(±.45)
S 2.950 2.950 6.100
Table 6
Critical pressures, impact velocities and specific entropies required for complete melt, incipient vaporization, and 50% vapor for two ambient
pressures. 1 bar forsterite incipient vaporization entropy is estimated based on evaporation experiments (Nagahara et al. 1994) and the new
ANEOS boiling point. The 50% vaporization entropies for forsterite are derived from the new ANEOS model vapor curve. All other values are
experimentally constrained; see text for details.
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Figure 8. Cumulative fraction of total simulation mass ejected in collisions that exceed the critical impact velocities for the onset of vaporization
of forsterite (left) and α-quartz (right), upon release to the triple point, against the mass of the target body. Purple curves indicate initial
conditions at STP, while the dashed orange curve indicates a warm initial temperature. Warm initial conditions are used to show the dependence
on temperature for the amount of melt and vapor that is induced for impacts of the same velocity. A significant fraction of mass is melted and/or
vaporized, whether the material is forsterite or α-quartz. Up to 20-40% of system mass can be processed through impact induced melting and
vaporization, and the majority of such collisions occur between planetesimals. Warm initial conditions dramatically increase the amount of mass
that is partially vaporized. The shaded regions indicate the range of curves calculated by adding/subtracting the corresponding uncertainties to
the critical values given in Table 6. This figure uses the impact data from the new, high resolution version of simulation 27 from Carter et al.
(2015).
and mass of the largest remnant (Davies et al. 2019; Stewart
et al. 2019a; Carter et al. 2019b). In current N-body simu-
lations the presence of nebular gas imparts a drag onto the
particles, but the differences in collision outcomes are not
yet taken into account. In general, collisions between small
bodies that produce silicate vapor will also exceed the crite-
ria for catastrophic disruption, where the largest fragment
is less than half the total mass. As a result, the material
from the colliding planetesimals is dispersed as many smaller
fragments. Note that the available criteria for catastrophic
disruption have been calculated for collisions in the absence
of a surrounding gas (Leinhardt and Stewart 2012).
Our results also have implications for observations of
planet formation in exoplanetary systems. Several works
(e.g. Meng et al. 2014; Su et al. 2019) have suggested that
variable emission seen from dust in protoplanetary disks (ex-
treme debris disks) is the result of condensed vapor pro-
duced by high energy collisions between growing planets.
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The critical impact velocities for vaporizing collisions dur-
ing planet growth that we have calculated here provide key
information for interpreting such observations. Our results
will allow constraints to be placed on the impact velocities
and types of impacts occurring in time-variable disks.
While most of the material involved in vaporizing colli-
sions will ultimately be accreted onto the final planets, par-
tial vaporization offers the opportunity for some chemical
and isotopic fractionation. Although our calculations of to-
tal mass involved in vaporizing collisions is not the same as
the amount of vapor produced, our work demonstrates that
major silicate phases can be vaporized. As a result, more
volatile components will also be vaporized during these en-
ergetic collisions. Even in cases of small vapor fractions, the
volume increase is many orders of magnitude, so the on-
set of vaporization is key for changing the dynamics of the
ejecta. The total mass of vapor produced over time, and the
composition of that vapor, requires additional information
about the distribution of shock pressures within the collid-
ing bodies and the compositions of the bodies. Whether or
not a bulk chemical and isotopic fractionation would be im-
parted onto the final planets remains to be determined, as
it depends on how efficiently the shock-processed planetesi-
mal material is accreted. This work provides the motivation
to pursue these more detailed investigations.
5. CONCLUSIONS
New experimental capabilities in shock physics provide
thermodynamic data that is essential for understanding
planetary materials and planet formation processes. Pre-
cise P-V-T Hugoniot measurements provide powerful con-
straints on the equation of state of materials, which en-
able a more robust understanding of material properties
during planet formation. In this work, we have presented
key thermodynamic data on forsterite and used our con-
straints on the EOS to evaluate the conditions required for
shock-induced melting and vaporization during planetary
collisions. Previously developed ANEOS forsterite model
equations of state currently in use in hydrocode simulations
of collisions generally under predict production of entropy
on the forsterite principal Hugoniot over the shock pressures
encountered during planet formation. A revised ANEOS
model for forsterite has been developed with our new data.
The calculations presented here offer constraints on the
amount of melting and vaporization during planet forma-
tion. Cycling of mass through ejecta and re-accretion is a
common process throughout planet formation, and impact
velocities above the vaporization criteria are common as
well. We have shown that the cycled mass can be a signifi-
cant fraction of the total mass of the final terrestrial planets.
Therefore, processing of planetesimals via impact induced
melting and vaporization must be considered prevalent dur-
ing terrestrial planet formation. Further investigations are
required to determine the full effects of vaporizing collisions.
To make more precise calculations of partially vaporized
materials, we need experiments that measure the liquid-
vapor boundary for forsterite. The vapor curve has been
measured for silica and iron using shock-and-release tech-
niques (Kraus et al. 2012, 2015), and similar experiments
on forsterite are in progress. The addition of temperature
dependence on the Gru¨neisen parameter model would fur-
ther refine this work as well. Future coupling of equations
of state data to N-body simulations would allow for the
tracking of specific entropy and energy throughout planet
formation.
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Supporting Information for Silicate Melting and Vaporization during Rocky Planet Formation
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2. Figure S1-S3.
3. Table S1.
REVISED CRITICAL SHOCK PRESSURES FOR SHOCK-INDUCED PHASE CHANGES IN QUARTZ
The vaporization criteria for quartz (SiO2) are based on the experiments and absolute entropy calculations in Kraus et al.
(2012). We used the revised M-ANEOS vapor curve from Kraus et al. (2012). This is a conservative value for the onset of
vaporization upon release to the triple point because we have neglected the enthalpy of melting crystobalite, which leads
to a reduction in entropy of about 74 J/K/kg (Richet et al. 1982) for the onset of sublimation. The triple point pressure
of about 2.6 Pa for SiO2 was experimentally determined by Mysen and Kushiro (1988). The fitted equation for entropy on
the α-quartz Hugoniot from Kraus et al. (2012) (Eq. 7) was valid from 110 to 800 GPa. Here, we extend the fit to lower
pressures, into the solid region along the Hugoniot using the stishovite equation of state model in Kraus et al. (2012), the
results is shown in Table 3.
In deriving the associated impact velocities in Table 6, we used the Hugoniot from Knudson and Desjarlais (2013). Note
that the critical pressures in Table 6 of Kraus et al. (2012) are incorrect. After having checked all the entries for the shock
pressures to vaporize quartz presented in Table 6 of Kraus et al. (2012), we found an error in the calculation of the shock
pressure to achieve incipient vaporization upon release to 2 and 105 Pa due to a typographical error in the determination
of the entropy along the quartz Hugoniot (using an anharmonicity of 4.6 instead of 3.1). This typographical error does not
impact the entropy calculation in the fluid or the equations presented in text as the entropy along the fused quartz Hugoniot
was used to determine the reference entropy.
UPDATE TO FORSTERITE TEMPERATURES ON Z
During analysis of data in Root et al. (2018), the streaked visible spectroscopy (SVS) records from Z3033 North 7
and South 7 were inadvertantly swapped. Furthermore, South 5 was reported as having a shock temperature when the
temperature actually came from South 7 from the same experiment. A reanalysis of the data with the correct orientations
of the records yields the following results for the shocked state: for Z3033 North 7, P = 496.8±4.8 GPa, T = 16104±1653
K, and us = 17.47±.21 km/s; and for Z3033 South 7, P = 564.6±5.3 GPa, T = 20229±1969 K, and us = 18.33±.16
S2
km/s. South 5 is the same as reported in Root et al. (2018), except with no associated temperature. See Root et al. (2018)
for more information on the analysis process.
GRU¨NEISEN PARAMETER FORMULATIONS
The formulations of γ used in this work include an exponential, γ(ρ) = γ0
(
ρ0
ρ
)q
, as in Thomas and Asimow (2013), a
linear model, γ(ρ) = γ0 + γ
′
(
ρ0
ρ − 1
)
, as in de Koker et al. (2008) where γ′ takes the place of q, a linear model with a
high initial γ (> 2), and a Gaussian. The first two formulations have been used to model γ to densities of twice the initial
density of the liquid. Under the assumption of γ’s dependence on density, γ across all of the decompression isentropes must
overlap in density space. We found that the formulations of γ from Thomas and Asimow (2013) and de Koker et al. (2008)
do not meet this criteria for the release isentropes calculated here. The density range of this data set is far beyond the
densities considered in those studies.
The linear formulation with a high initial γ does better, however γ often becomes negative at the higher densities of the
shocked state. We found that a Gaussian of the form γ = 0.5 + 1.2(0.5)e(q(ρ−5000(500))
2) does best to fit the high density
data while keeping γ positive. Parameters on the Gaussian are allowed to vary randomly about a normal distribution over the
parameter space until convergence is achieved. There is also a strong dependence on the calculated volume of the release
state. Regardless of formulation, γ at the final release state is similar between all formulations however, uncertainties are
larger for formulations that do not converge well. In all considered formulations, the resulting isentropic path is similar, so
the change in energy between different formulations is relatively small, therefore γ is similar.
Figure S1 shows results of all considered formulations for γ in release isentrope calculations and continuous calculated γ’s
with the Gaussian formulation during release.
To fit the available and measured values of γ, the main text describes a function of the form γ(ρ) = γ∞ + (A −
γ∞)
(
ρ0
ρ
)B
+ Ce−(ρ−D)
2/E 2 . We fit through the available data and their uncertainties to get best fit parameters. Assuming
the same function topology, we assert a constant percentile error of gamma at each density. The percentile error is chosen
by generating statistical data clouds using the uncertainty about each data point and making sure the chosen percentile
error about the fit contains approximately 66% of the total points in the data clouds. A percentile error of 32% satisfies
these conditions.
PLANET FORMATION ECCENTRICITY
In the nebula, aerodynamic drag dampens the eccentricities of planetesimals, reducing the relative velocity between them
(Fig. S2). Initially, gas drag keeps the eccentricities low, and most collisions occur between low eccentricity planetesimals.
During the Grand Tack, there is an initial spike in eccentricities and impact velocities as giant planet migration initiates.
After the migration, the planetesimals in the inner solar system remain at high eccentricities, leading to elevated impact
velocities long after the migration has ended. Other scenarios of planet formation such as an early Nice migration, or
sweeping resonances from the giant planets, can also produce the orbital eccentricities required to instigate collisions with
sufficient velocities to enter the melting and vaporization regimes. Figure S3 shows the cumulative debris mass generated
during impacts with respect to heliocentric distance. The total mass ejected in the early solar system is counted in Earth
masses. The outcomes of these early collisions are dependent on the pressures in the nebula that the impact pressures
release to, for which the triple point pressure is a proxy.
Once the nebula disperses, dynamic friction transfers angular momentum from larger bodies to smaller bodies, increasing
their eccentricity. Projectile eccentricity during collisions after the nebula disperses is shown in the second panel of Figure
S2. It is clear that there is a large variety of eccentricities, and therefore velocities, around 1 au post-nebula. From N-body
simulations, it is shown in Figure S3 that the cumulative debris mass ejected in collisions after nebular dispersal is also
large. Because eccentricities are large post-nebula, vaporizing collisions still occur and because the nebula has dispersed,
the ambient pressure in the inner solar system has decreased as well.
SUPPLEMENTARY TABLE
Additional table to support the text.
S3
Figure S1. (Top) Calculated γ across all considered formulations. Uncertainty for the exponential, and two linear models are large, but points
still cluster together. The preferred Gaussian model is within uncertainty of all three other models. (Bottom) γ’s dependence on density for each
release isentrope. Paths largely overlap within error and final release states (points) cluster together at similar densities.
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Figure S2. Eccentricity of projectile (left) in impacts and impact velocity (right) histograms as a function of heliocentric distance, while the
nebula is present (top), and after the nebula disperses (bottom). While embedded in the nebula, most of the impacts have low eccentricity due to
damping by the gas. However, there is a large increase in eccentricity once Jupiter migrates during the Grand Tack. Once the nebula disperses,
there is no gas to damp the planetesimals, so eccentricities remain high relative to the total number of collisions. In summary, eccentricities
remain high, and the number of collisions remains large even after the nebula has dispersed. This figure uses the impact data from the new, high
resolution version of simulation 27 from Carter et al. (2015).
Forsterite us (up)
 1.831 −6.523E−01 7.319E−02 −2.609E−03−6.523E−01 2.366E−01 −2.685E−02 9.671E−047.319E−02 −2.685E−02 3.084E−03 −1.122E−04
−2.609E−03 9.671E−04 −1.122E−04 4.125E−06

Forsterite S(P)
 1.970E07 5.855E04 −1.097E01 −8.471E045.855E04 1.782E02 −3.494E−02 −1.724E02−1.097E01 −3.494E−02 7.447E−06 1.931E−03
−8.471E04 −1.724E02 1.931E−03 1.911E03

Forsterite T (us )
[
1.656E05 −2.027E04 5.987E02
−2.027E04 2.530E03 −7.263E01
5.987E02 −7.263E01 2.357
]
Quartz us (up)
 2.097E−02 −6.159E−03 5.566E−04 −1.572E−05−6.159E−03 1.877E−03 −1.742E−04 5.017E−065.566E−04 −1.742E−04 1.65E−05 −4.834E−07
−1.572E−05 5.017E−06 −4.834E−07 1.441E−08

Fused Silica us (up)
 4.857E−02 −1.343E−02 1.17E−03 −3.2366E−05−1.343E−02 3.84E−03 −3.4252E−04 9.6408E−061.17E−03 −3.4252E−04 3.1126E−05 −8.886E−07
−3.2366E−05 9.6408E−06 −8.886E−07 2.5662E−08

Table S1
Covarience matrices for equations in Table 3. The parameters in each equation map to the covariance matrices from left to right.
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Figure S3. Cumulative mass of ejecta generated from impacts over the duration of the N-body simulation as a function of heliocentric distance.
The top panel shows the binned debris mass produced while the nebula is present, the bottom panel shows the debris mass produced after the
nebula has dispersed. There are many impacts that generate debris both during and after the nebula phase. This figure uses the impact data
from the new, high resolution version of simulation 27 from Carter et al. (2015).
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